In the last decade, interest in infections due to Staphylococcus aureus small-colony variants (SCVs) has emerged because an association between the recovery of S. aureus SCVs and persistent and relapsing infections has been established (12, 22, 23, 25, 33, 34) . S. aureus SCVs are a slowly growing subpopulation of the species and have characteristics that can be tied together by a common thread (i.e., alterations in electron transport). Specifically, the following features are very likely linked to interruption of electron transport: (i) slow growth, producing pinpoint colonies; (ii) decreased pigment formation because carotenoid biosynthesis requires electron transport; (iii) resistance to gentamicin and other aminoglycosides because uptake of these compounds requires a large membrane potential generated by electron transport; and (iv) mannitol fermentation negative because utilization of a sugar alcohol, such as mannitol, is decreased when electron transport is not present (12, 14, 16, 22, 23, 25, 33, 34) .
The morphotype of S. aureus SCVs is often due to auxotrophy for hemin, which is required for the biosynthesis of cytochromes. Supplementation of media with hemin often allows clinical SCVs to grow as rapidly as the parent strain and to exhibit a normal phenotype with regard to antibiotic susceptibility, membrane potential, and exoprotein and pigment production (2, 12, 14, 16, 23, 32, 35) . To characterize the phenotype of a genetically defined SCV of S. aureus, a stable mutant with a mutation in in electron transport was generated by interrupting one of the heme biosynthetic genes, hemB, which is a member of the family of genes encoding enzymes of the porphyrin biosynthetic pathway (9) .
The site-directed S. aureus hemB mutant has all of the features described for SCVs recovered from clinical specimens (12, 23, 25, (33) (34) (35) . In addition, this mutant provided the opportunity to investigate a stable SCV phenotype, in contrast to naturally occurring clinical SCV isolates, which are genetically undefined and exhibit a high rate of reversion to the largecolony form. Previous studies showed that the hemB mutant was phagocytosed by cultured endothelial cells but did not lyse these cells. It was assumed that this observation was due to the fact that this mutant, as determined on the protein and transcription levels, produced very little alpha-toxin; consequently, it was concluded that an intracellular location may shield SCVs from host defenses and antimicrobial agents, thus providing one explanation for the difficulty of clearing S. aureus SCVs from host tissues (35) .
In this study, the two-dimensional (2D) gel electrophoresis technique was used to characterize the hemB mutant of S. aureus in more detail. During this study we found that proteins involved in fermentation and glycolysis were induced in the mutant. In contrast, the synthesis of several virulence factors was repressed. These results should contribute to an increasingly complete picture of the cell physiology of S. aureus SCVs, as well as a comprehensive understanding of the pathogenicity of these organisms.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The S. aureus strains used in this study were wild-type S. aureus strain COL (26) and its isogenic hemB mutant IA48 (32) . The hemB mutant was constructed by using the plasmids previously described in detail (35) . Successful transfer of the ermB cassette into the S. aureus chromosome was indicated by the appearance of colonies having the phenotype of SCVs that are chloramphenicol sensitive and erythromycin resistant. The successful recombination was verified by PCR; the PCR product of the mutant was 1.4 kb larger (the size of the inserted erythromycin cassette) than the product of the wild-type S. aureus strain (35) . In addition, S. aureus RN6390 and an isogenic agr mutant of this strain were used (21) .
The strains were cultivated with vigorous agitation at 37°C in tryptone soya broth (TSB) (Oxoid). For anaerobic cultures, screw-cap bottles with rubber seals were filled to the top with a cell suspension in the same medium and incubated with shaking.
Preparative 2D gel electrophoresis. For preparation of cell extracts, bacteria were grown in TSB. At different optical densities, cells from 50 ml of culture were separated from the supernatant by centrifugation (7,000 ϫ g) for 10 min at 4°C, washed twice with Tris-EDTA buffer, and resuspended in Tris-EDTA buffer containing 2 mM phenylmethylsulfonyl fluoride. After incubation for 10 min on ice with lysostaphin (50 g/ml), the cells were disrupted with a French press. The lysate was centrifuged for 10 min at 9,000 ϫ g (in order to remove cell debris) and then for 30 min at 21,000 ϫ g at 4°C (in order to remove insoluble and aggregated proteins that disturbed the isoelectric focusing of the proteins). The supernatant was stored frozen (8) .
For preparation of extracellular protein extracts, bacteria were grown in the medium described above. At different optical densities cells from 250 ml of culture were separated from the supernatant by centrifugation for 20 min at 4°C and 7,000 ϫ g. The extracellular proteins in the supernatant were precipitated with 10% (wt/vol) trichloroacetic acid at 4°C overnight. The precipitate was harvested by centrifugation (4°C, 7,000 ϫ g, 1.5 h), washed with 96% (vol/vol) ethanol several times, and dried. The protein extracts were resolved in an appropriate volume of a solution containing 8 M urea and 2 M thiourea (38) .
Preparative 2D gel electrophoresis was performed by using the immobilized pH gradient technique described by Bernhardt et al. (3) . The protein samples were separated by using immobilized pH gradient strips (Amersham Pharmacia Biotech, Piscataway, N.J.) in the pH range from 4 to 7 or from 3 to 10. For identification of proteins by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS), protein samples (500 g) were separated on preparative 2D gels, and the proteins were stained with Coomassie blue R-250. The resulting peptide mass fingerprints were analyzed by using the MS-Fit software (http://prospector.ucsf.edu), GPMAW 4.10 (Lighthouse data), and genome sequences of S. aureus N315, Mu50, and COL.
Database searches were done by using the BLAST program (1). Northern blot analyses. Total RNA of S. aureus strains was isolated by using the modified acid-phenol method described by Gertz et al. (8) . Northern blot analyses were performed by using the protocol described by Wetzstein et al. (36) . Chemiluminescent signals were detected with a Lumi-Imager and were analyzed by using the LumiAnalyst program (Boehringer Mannheim). The sizes of the transcripts were calculated with the help of digoxigenin-labeled RNA Molecular Weight Marker I from Roche.
The specific digoxigenin-labeled RNA probes were prepared by in vitro transcription with T7 RNA polymerase by using the Dig-RNA labeling mixture (Roche) and the appropriate PCR fragments as templates. The PCR fragments were generated by using chromosomal DNA of S. aureus COL isolated with a chromosomal DNA isolation kit according to the protocol of the manufacturer (Promega) and the appropriate oligonucleotides listed in Table 1 . The PCRs were carried out by using the following standard protocol: annealing at 50°C for 1 min, extension at 72°C for 1.25 min, and denaturation at 95°C for 1 min. Oligonucleotides complementary to the C-terminal regions of the genes contained the T7 recognition sequence at the 5Ј end (8, 11) .
Detection of glucose, lactate, and acetate. The concentrations of glucose, lactate, and acetate were determined by using the test combinations D-glucose, DL-lactate, and acetate (Boehringer Mannheim) according to the manufacturer's instructions. The determinations were based on enzymatic reactions resulting in the formation of NADH (for lactate and acetate) or NADPH (for glucose). The increases in the amounts of NADH and NADPH were determined by measuring the absorbance at 340 nm. The amounts of NADPH and NADH formed in these reactions were stoichiometric with respect to the amounts of glucose and lactate, respectively. For acetate, the amount of NADH formed was not directly proportional to the acetate concentration because of the equilibrium of a preceding indicator reaction. The calculation was done as recommended by the manufacturer.
Assay of intracellular ATP concentration. A 100-l portion of a cell suspension was added to 120 l of lysis solution (50 mM trichloroacetic acid, 15 mM EDTA; pH 7.5), incubated on ice for 15 min, and stored at Ϫ80°C. The growth of the culture was monitored simultaneously by measuring the absorption at 540 nm. The ATP concentration was determined by a luciferase assay by using a CLSII ATP bioluminescence kit (Roche) according to the manufacturer's instructions. Dilutions of the extracts were incubated with the luciferase assay reagent. Bioluminescent signals were detected with the Lumi-Imager and were analyzed by using the program LumiAnalyst. Samples of the wild-type culture at an optical density at 540 nm of 0.5 were defined 100% in each experiment.
RESULTS
Growth and pH. S. aureus COL and the isogenic hemB mutant S. aureus IA48 were grown in TSB with vigorous agi- tation. Compared to the wild type, the mutant had an impaired growth rate and reached conspicuously lower cell densities ( Fig. 1 ). At the exponential growth phase the levels of acidification of the medium were comparable for the two strains. In contrast, at the transitional phase, the wild-type culture became more alkaline; the supernatant of the hemB mutant, however, remained acidic, indicating that there were changes in the metabolism due to deletion of hemB (Fig. 1) . Differences in the cytoplasmic protein pattern due to a mutation in hemB. To analyze the influence of the hemB mutation on cellular processes in S. aureus, protein extracts were prepared from cytoplasmic cellular fractions of the mutant and the wild type and compared by 2D gel electrophoresis. For visualization of proteins induced in the hemB mutant we used the dual-channel technique (Fig. 2) . The amounts of more than 20 proteins were strikingly different in the hemB mutant (Fig. 2) . These proteins were identified by MALDI-TOF MS and included glycolytic enzymes like glyceraldehyde-3-phosphate de- hydrogenase (Gap), fructose-1,6-bisphosphate aldolase (Fda), phosphoglycerate kinase (Pgk), and enolase (Eno), indicating that there was higher glycolytic activity in the hemB mutant. Furthermore, proteins involved in fermentation pathways, like lactate dehydrogenase (Ldh), alcohol dehydrogenase (Adh), pyruvate formate lyase (Pfl), arginine deiminase (ArcA), and ornithine carbamylotransferase (ArcB), were found to be exclusively produced in the mutant ( Fig. 2 and Table 2 ).
Additionally, the levels of flavohemoglobin Hmp, TufA, ClpL, and SA1759 were also strongly increased by the mutation in hemB ( Fig. 2 and Table 2 ).
Changes in the amounts of enzymes involved in glycolysis, fermentation, and the tricarbonic acid (TCA) cycle occur at the transcriptional level. In order to verify the proteomic data, Northern blot analyses were performed with RNA harvested from cells at different stages of growth. As expected, during exponential growth the mRNA level of the glycolytic genes was higher in the mutant than in the wild type (Fig. 3A) . In the stationary phase, just when the glucose was probably depleted, expression of glycolytic genes, like gap, eno, and fba, was decreased in the wild type and in the mutant strain (Fig. 3A) . Transcription of genes coding for enzymes involved in fermentative metabolism (pfl, ldh, and adh) was not found in the wild type but was very strongly increased in the mutant (Fig. 3B) . Similar results were obtained for transcription of the arc operon containing four genes probably involved in ATP production from arginine catabolism under anaerobic conditions (15, 31) . However, in contrast to ldh and adh, transcription of the arc operon and transcription of the pfl operon encoding pyruvate formate lyase and pyruvate formate lyase-activating enzyme occurred in the hemB mutant only during the stationary phase (Fig. 3B) .
The levels of the TCA cycle enzymes should have been repressed in the hemB mutant. Analysis of the expression of the aconitase hydratase gene (citB) of S. aureus confirmed this hypothesis. Whereas almost no citB transcript was detectable in the mutant, a strong increase in the amount of the transcript in cells entering the stationary phase of growth was found in the wild type (Fig. 3C) .
Analyses of metabolites and ATP in the wild type and the hemB mutant grown in TSB. Apparently, most of the proteins present at higher levels in the hemB mutant are involved in glycolysis and anaerobic fermentation product formation. For this reason, the amounts of glucose, lactate, acetate, and ethanol in supernatants of the mutant and the wild type were analyzed (Fig. 4) . Simultaneous with consumption of glucose, the wild type (at zero time to 5 h) produced acetate, and the hemB mutant (at zero time to 7 h) produced lactate, which explained the acidification of the growth media. The ATP levels increased in both cases; however, the absolute amount of ATP was significantly higher in wild-type cells (Fig. 5) . After the glucose was exhausted (at 5 to 6 h), the ATP level in the wild type dropped dramatically and reached nearly the same low level as the level in mutant cells. After 7 h, the levels of acetate dropped in the medium of the wild-type strain, and this was accompanied by a realkalization of the medium and a slight increase in the amount of ATP. These results indicate that acetate was used as a secondary carbon source after depletion of glucose in the wild-type strain. The hemB mutant was not able to use lactate as an energy source (Fig. 4) .
Ethanol could not be detected in the growth medium of the wild type under any of the conditions employed; however, very small amounts of ethanol accumulated in the medium of the mutant (data not shown).
MS analysis of pyruvate formate lyase. While the pyruvate formate lyase spot was one of the most abundant protein spots ( Fig. 2 and 6A ), no formate was produced during aerobic growth of the hemB mutant (data not shown). In Escherichia coli, the pyruvate formate lyase acts as a homodimer and is activated by introduction of a free radical to a glycine residue in one subunit of the enzyme. In the presence of oxygen (for instance, during aerobic protein extraction), the radicalization causes peptide bond cleavage near the C terminus of the modified monomer (30) . Thus, activated Pfl in E. coli appears in two bands on one-dimensional protein gels; these bands represent the mature form and the cleaved form. Both in wild-type cells of S. aureus COL and in the hemB mutant grown under anaerobic conditions, Pfl spots at two different molecular masses were identified (85 and 82 kDa) (Fig. 6A) . MALDI-TOF analyses of the trypsin-digested protein spots indicated that C-terminal peptides 735-743 and 722-731 (Fig. 6B) were missing in the 82-kDa protein (Fig. 6D) , while both of these peptides were detected in the 85-kDa protein spot (Fig. 6C) . These results may indicate that under anaerobic conditions the C terminus of one subunit of Pfl in the S. aureus wild type and the hemB mutant was cleaved in the presence of oxygen (during protein preparation). Therefore, we presume that in S. aureus grown under anaerobic conditions the protein was activated by a mechanism very similar to the mechanism in E. coli. In the hemB mutant grown under aerobic conditions only the 85-kDa protein spot representing Pfl was observed on the gel (Fig. 6A) , demonstrating that the protein was synthesized in the mutant under aerobic conditions; however, it was not activated.
Synthesis of extracellular proteins and regulation of RNAIII in the mutant strain.
A comparative proteomic analysis of the wild type and the mutant strain also revealed very strong differences in the extracellular protein patterns of these strains in the stationary growth phase. Most of the known virulence factors expressed during the late exponential phase were not found in the mutant or were present at low levels (Fig. 7) . These factors include ␣-hemolysin (Hla), ␤-hemolysin (Hlb), enterotoxin B (Seb), glycerophosphoryl diester phosphodiesterase (GlpQ), 1-phosphatidylinositol phosphodiesterase (Plc), thermonuclease (Nuc), leukocidins F (LukF) and M (LukM), and the serine proteases SplB, SplE, and SplF. Immunodominant antigen A (IsaA), an extracellular protein synthesized at low cell densities, was present only in the mutant. Simultaneously, RNAIII, the regulator of late virulence factor production, could not be detected in the mutant strain (Fig. 8A) . When we compared the optical densities of the two strains during the stationary phase, the cell density of the mutant culture was significantly lower (Fig. 1) . Supplementation of the mutant culture with the supernatant of wild-type cells at an optical density of 6.5 allowed transcription of RNAIII in the mutant. At the same time, supernatant of an agr mutant (S. aureus RN6911) lacking the quorum-sensing signal peptide did not affect the RNAIII transcription.
DISCUSSION
In bacteria, heme is a prosthetic group of cytochromes, which are essential components of the electron transport FIG. 3 . Northern blot analyses of genes whose transcription was influenced by a mutation in hemB. RNA was isolated from S. aureus COL (wild type) and its isogenic hemB mutant IA48 grown in TSB at 37°C during growth (the sampling times are indicated by arrowheads in the growth curves in Fig. 1 ). The membranes were hybridized with digoxigenin-labeled RNA probes for genes involved in glycolysis (A), fermentation (B), and the TCA cycle (C).
6932
KOHLER ET AL. J. BACTERIOL.
chain. Under aerobic conditions, protons are transferred from NADH to the electron transport chain, generating H 2 O and a membrane potential which is used to synthesize ATP. If oxygen or alternative electron acceptors are absent, NADH must be recycled by fermentation; otherwise, the NAD ϩ pool is depleted in a very short time. It is reasonable to hypothesize that a block in heme synthesis should impair the ability to use oxygen or nitrate as an electron acceptor and that the only way to oxidize NADH might be reduction of metabolic intermediates by fermentation. Consistent with this view, components of fermentative pathways, like lactate dehydrogenase, alcohol dehydrogenase, and pyruvate formate lyase, were induced in a hemB mutant of S. aureus during exponential growth under aerobic conditions (Fig. 2 and 3 and Table 2 ). At the same time, significant amounts of lactate were detected in the growth medium, indicating that NADH was mainly oxidized by reducing pyruvate to lactate (Fig. 4) . As described previously, lactate could not be used as an alternative carbon source after glucose consumption (2) . Surprisingly, in E. coli the situation is quite different. In a hemA mutant, enolase and phosphoglycerate kinase are repressed and simultaneously citrate synthase is induced. The synthesis of fermentative enzymes seems to be limited to anaerobic growth conditions in this organism (24) .
The S. aureus wild type secreted large amounts of acetate during exponential growth in TSB (Fig. 4) , indicating that there was overflow metabolism under glucose-excess conditions. Pyruvate dehydrogenase activity is probably responsible for this process. At the same time, the TCA cycle activity was very low and was needed only for anabolism (Fig. 3) . When glucose has been consumed, acetate can be used as an alternate carbon source and is oxidized via the TCA cycle. In contrast, the conversion of pyruvate to acetate via acetyl coenzyme A (acetyl-CoA) was found to be very restricted in the hemB mutant, although pyruvate formate lyase (Pfl) and components of the pyruvate dehydrogenase were present (Fig. 2) . The pyruvate dehydrogenase activity is probably very low as it is inhibited by the high NADH level. The Pfl converts pyruvate and CoA to formate and acetyl-CoA under anaerobic conditions (Fig. 9A) . As in E. coli, the Pfl in S. aureus might form a homodimeric enzyme complex that is synthesized in an inactive form. The enzyme should be activated posttranslationally via an iron-dependent activating enzyme that introduces a glycyl radical to one monomer in the enzyme complex. In the hemB mutant, either the protein was not activated or the organism was able to protect Pfl from oxygenolytic cleavage by reversible removal of the free radical by Pfl deactivase activity, as described previously for E. coli and Streptococcus sanguis (13, 28, 
37). The main electron acceptor from NADH for NAD
ϩ recycling in the mutant is pyruvate, which leads to lactate secretion (Fig. 4 and 9A) . In order to compensate partially for the loss of most of the energy available from glucose by fermentation, glycolytic activity was up-regulated in the mutant, as indicated by the increased amounts of glyceraldehyd-3-phosphate dehydrogenase, enolase, and 3-phosphate-glycerol kinase (Fig. 2, 3 , and 9A and Table 2 ). Simultaneously, the synthesis of citrate cycle enzymes, like succinate dehydrogenase, fumarate hydratase, and succinyl-CoA synthetase, was down-regulated in the hemB mutant.
Since it was not able to use the citric acid cycle and electron transport, the hemB mutant had decreased levels of ATP (Fig.  5) . To compensate for the loss, the arginine deiminase pathway, with ArcA and ArcB (Fig. 2 and 3 and Table 2 ), was stimulated in the hemB mutant, which produced ATP (Fig.  9B ). This system occurs in a variety of bacteria (5) and appears to be induced by arginine under anaerobic conditions and to be regulated by catabolite repression (6) , which might explain our observation that the system was not expressed until glucose was depleted (Fig. 3B) . Activation of this pathway allows bacteria to grow anaerobically in the presence of arginine (10, 15, 31) . ATP is synthesized in the reaction catalyzed by carbamate kinase (Fig. 9B) . As in oral streptococci, this system can protect bacterial cells against the damaging effects of acid environments by releasing ammonia during arginine metabolism (Fig. 9B) (4) . Both the synthesis of ATP under anaerobic conditions and protection against acid damage would be beneficial to S. aureus SCVs. Very recently, it was shown that transcription of the arc operon was stimulated in an agr-and cell density-dependent manner (7) .
In the related gram-positive bacterium Bacillus subtilis, both aerobic respiration and anaerobic respiration are regulated by the two-component ResDE system (17, 18, 20, 27) . This system is activated by an incompletely characterized redox-sensing mechanism (27) . Activated ResE increases the transcription of nasDE, the flavohemoglobin hmp, and the redox regulatory gene fnr (19, 20, 27) . In S. aureus there is a system that is very similar to resDE in B. subtilis, and a mutation in srhSR led to changes in cell morphology, the expression of proteins involved FIG. 7 . Dual-channel images of 2D gels of extracellular proteins produced with the Delta2D software (Decodon GmbH), showing the differences in the protein patterns of the wild-type S. aureus strain COL (green) and the hemB mutant IA48 (red). The proteins in 100 g of the supernatant from cells in the stationary growth phase were separated by preparative 2D polyacrylamide gel electrophoresis. The proteins were stained with silver nitrate. Proteins induced by a mutation in hemB are red, and proteins present only in the wild-type strain are green. The following proteins that were identified are indicated by arrows: glycerophosphoryl diester phosphodiesterase (GlpQ), ␣-hemolysin (Hla), ␤-hemolysin (Hlb), immunodominant antigen A (IsaA), leucocidine F (LukF), leucocidine M (LukM), thermonuclease (Nuc), 1-phosphatidylinositol phosphodiesterase (Plc), enterotoxin B (Seb), serinproteases (SplB and SplF), and a hypothetical protein (YfnI) (38 (29) . Under anaerobic conditions, ResE activates the synthesis of fermentative enzymes, like Adh and Ldh, and at the same time it represses the synthesis of the TCA cycle enzymes aconitase, succinyl-CoA synthetase, and fumarase (29) . Interestingly, synthesis of some of these proteins was also impaired in the hemB mutant ( Fig. 2 and 3) , indicating that the possible ResDE homologue in S. aureus, SrhSR, might be active in the mutant under aerobic conditions. However, no data are available concerning direct SrhSR regulation of the transcription of these genes or whether there is an additional regulator whose synthesis is influenced by the two-component system. An Fnr-like protein like that described in other bacteria is not present in S. aureus (D. Bates, P. McNamara, and R. A. Proctor, unpublished data).
In accordance with previously published results (32, 35) , the synthesis of some extracellular proteins, like ␣-hemolysin, was strongly repressed in the hemB mutant (Fig. 7) . Moreover, the serine proteases SplB, SplE, and SplF were not found in the mutant (Fig. 7) . At the same time RNAIII, the major regulator of these proteins, was not detected either in exponentially growing cells or during the stationary phase (Fig. 8) . Our results strongly indicate that the concentration of the quorumsensing peptide synthesized by the hemB mutant itself was too low for activation of the agr system. This might have been due either to the lower cell densities reached in the mutant culture and/or to a block in synthesis of the peptide. The loss of hemolysins and leucocidines might be crucial for the ability of the hemB mutant to avoid lysis and to survive inside eukaryotic cells.
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FIG. 8. Northern blot analyses of RNAIII. (A)
RNA was isolated from S. aureus COL (wild type) and from its isogenic hemB mutant IA48 grown in TSB at 37°C during the growth phase (the sampling times are indicated by arrowheads in Fig. 1). (B) At the stationary phase (optical density at 540 nm, 2) 20-ml portions of the hemB mutant culture were supplemented with 20-ml portions of supernatants from wild-type S. aureus strain COL, S. aureus RN6390, and the agr mutant RN6911 (all at an optical density at 540 nm of 6.5). RNA was isolated from the original culture of the mutant at zero time (co 1 ), 30 min later (co 2 ), and at the times indicated after addition of the supernatants to the mutant culture. The membranes were hybridized with a digoxigenin-labeled RNA probe for RNAIII. FIG. 9. Carbohydrate (A) and arginine (B) metabolic pathways in the hemB mutant under aerobic conditions. The following enzymes were found at higher levels in the hemB mutant: phosphoglucomutase (Pgi), fructose bisphosphate aldolase (Fba/Fda), glyceraldehyde dehydrogenase (Gap), phosphoglycerate kinase (Pgk), enolase (Eno), pyruvate kinase (Pyk), L-lactate dehydrogenase (L-Ldh), pyruvate formate lyase (PflB), alcohol dehydrogenase (Adh), arginine deiminase (ArcA), ornithine carbamoyltransferase (ArcB), and carbamate kinase (ArcC).
